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ABSTRACT
Wetlands provide valuable ecosystem services such as nutrient cycling and carbon storage.
Microalgae (i.e., diatoms) provide the foundation of primary production and determine rates of
energy transfer throughout the system. Climate change models predict an increase in frequency
of intense storms and severe drought conditions that pose a threat to known hydrological regimes
and wetland ecosystem stability. The purpose of my study was to assess the effects of water
permanence (i.e., duration of flooding) on diatom community structure in experimental wetlands.
I predicted that wetlands with prolonged periods of flooding (i.e., permanent) would harbor a
consistent diatom community throughout flooding and have higher levels of primary production.
I also predicted that wetlands that experienced flooding followed by rapid receding of water (i.e.,
temporary) would initially have lower rates of primary production, with an increased rate during
drying conditions. When assessed, mean species richness in permanent wetlands remained higher
than temporary, even at the onset of the experiment. Benthic-level primary production rates were
consistently lower in temporary wetlands and decreased during the drying period. Results
suggest that hydrological changes alter diatom communities, decreasing energy flow throughout
the food web during disturbances such as drought.
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CHAPTER 1
INTRODUCTION
Wetlands and Hydrology
Wetlands are characterized by a unique landscape where aquatic and terrestrial
ecosystems connect, harboring immense biodiversity and valuable ecosystem functions resulting
from these complex interactions (Aldridge 2010). They are important for carbon sequestration
and other wetland ecosystem processes, such as nutrient cycling, decomposition of organic
material, and waste removal (Brinson et al. 1981). Wetland ecosystems are subjected to
variations in hydrology that are determined by local conditions, such as topography, geology,
and climate (Hughes et al. 1998). Regardless of these variations, wetlands possess a high degree
of connection to the terrestrial landscape, allowing transport of resources (i.e., nutrients, seeds,
water) and living organisms to riparian areas during flooding events (Oakley et al. 1985).
Oxygen is typically limiting due to anaerobic soil conditions within the substrate (Valk 2012), so
many aquatic organisms depend on this variability in hydrological regime for oxygen. Floodplain
wetlands are subject to varying hydrological regimes from water influx by nearby rivers, making
them instrumental in understanding aquatic/terrestrial connections for the use in broader
ecological concepts.
According to recent wetland conservation statistics (Reis et al. 2017), seasonal inland
wetlands account for nearly 6% of global land surface, with nearly 89% percent of those
currently unprotected. Only 20% of wetland habitat is protected in Central America, with even
smaller percentages on continents such as Asia (8%); Reis et al. 2017. Prior to settlement, the
continental United States contained approximately 149-185 million acres of wetland habitat, with
a decrease to 99-103.3 million acres by the mid-1970’s (~5% surface area of the U.S.; Kusler
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1992. Historically, different regions in the U.S. have experienced variable increase/decrease of
wetland habitat due to anthropogenic causes (draining, agriculture, development), as well as
environmental causes (sea-level rise, warming climate, drought-disturbance) particular to the
region of the United States (USDA 2020). Through enforcement of federal protection laws, such
as the Clean Water Act (1972) and the Emergency Wetlands Resources Act (1986), wetland
losses have been steadily decreasing.
The Flood Pulse Concept (Junk 1989) provides an explanation on the importance of
hydroregime and periodic inundation/drought on the lateral exchange of water, nutrients, and
organisms throughout the floodplain. This broader ecological concept explains how the biotic
community alters from variation in the aquatic landscape. During the connected phase of
floodwater to temporary wetlands, organisms found within the ecosystem can be affected in two
distinct ways. Firstly, the influx of water is a direct source of new colonizers that alter
established (i.e., permanent) community assemblages within the population (Weilhoefer et al.
2008). Secondly, the influx can indirectly alter environmental conditions, either favorably or
unfavorably, for these new colonizers (Weilhoefer et al. 2008). Temporary wetlands and initial
colonizers experience rapid community alterations that are dependent upon duration of flooding,
geology/landscape, nutrient concentrations within soil, and time since last hydroperiod.

Climate Change and Other Threats to Wetland Ecosystems
According to Erwin (2009), climate change in wetland systems has its most pronounced
effect on the nature and predictability of current hydrological regimes. Model predictions suggest
that weather patterns in the southeastern United States will become more extreme, with summer
months becoming drier and winter months becoming wetter (Li and Li 2015). Overall, these
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episodic patterns of precipitation will result in more intense storms (i.e., flooding) along with
longer periods of inter-event drought (Bates et al. 2008). The amount of vulnerability of a
particular wetland landscape depends largely on its dependence on atmospheric water or
dependence upon water influx from surface water (Winter 2000). Winter (2000) states that from
these two categories, wetlands that are dependent on precipitation are more highly at risk for
local climate change alterations compared to wetlands that are dependent on influx from source
water. Riparian wetlands and floodplains fall between these two categories, given that their water
source (e.g., river or stream) is dependent upon both precipitation and influx from groundwater
upstream. With local climate warming conditions on the rise, unpredictable precipitation patterns
will alter flow and hydroperiod considerably, altering the range in which water will flow into the
terrestrial system.
While climate change is an extremely significant global issue, regional climate conditions
are being altered by humans by ways such as water extraction, pollution, and nutrient loading
from agriculture, which pose direct threat to wetland landscapes. These local disturbances are
traditionally treated by wetland managers in isolation, but synergistic approaches such as the one
presented by Scheffer et al. (2015) describe a “safe operating space” concept where climate
change, nutrient loading, and water extraction thresholds are monitored together to better
understand local ecosystem dynamics. The managing of wetlands under climate change
conditions requires that these thresholds be monitored strictly, along with continued flexibility
from local government involvement (Green et al. 2017). Incorporating climate change dynamics
into ecological research is crucial for the proper management of wetland ecosystems moving
forward.
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Primary Production in Wetlands
Wetlands are increasingly recognized for their high gross primary production (Brinson et
al. 1981). Primary producers (e.g., plants, algae) are found at the base of aquatic food webs and
understanding how these communities will respond to stressful climatic conditions (such as
drought) can help us understand how energy flow may alter during local disturbance events.
Energy transfer from primary producers to higher trophic levels determines the success and
livelihood of the wetland ecosystem (Valk 2012). Primary producers are directly involved in the
uptake of nutrients in the system, affecting concentrations available for other essential ecological
processes. Analyzing nutrient concentrations in streams and wetlands along with concurring
depth and light availability provide a better understanding of primary production in aquatic
systems (Ylla et al. 2007, Rober et al. 2015).
An experimental wetlands study by Fennessy et al. (1994) led to conclusions that primary
production rates in macrophytes were highest in a low-flow conditions after the area had been
previously exposed to drought. Vegetation adjusted to these altered flow conditions by
experiencing a shift in species composition, which resulted in an increase in macrophytic
vegetative biomass. Along with macrophytes, microalgae (diatoms) are major contributors to
primary production rates in aquatic systems. Diatoms are photosynthetic, single-celled organisms
encased by a glass (i.e., silica) exoskeleton. Diatoms contribute to ecological assessments in
aquatic systems by providing information on community establishment and environmental
variables found within the local environment. They also are utilized in paleolimnological studies
in reflection of past-climate changes (Pienitz et al. 1995; Burge et al. 2018) as well as present
studies to aid in future development of ecological assessments and protocols (Pan et al. 1996;
Kelly et al. 2009).
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Diatoms as Bioindicators of Wetland Ecosystem Health
Little literature has been published relating diatom community structure in temporary
wetlands to permanent wetland conditions and the ecological perspective of understanding these
shifts in structure. Regions where temporary wetlands are prevalent contain taxa that are adapted
to disturbances such as longer flood-pulse or drought (Villanueva 2006). Habitat preference can
vary across gradients within temporary wetlands, such as from the shore to the center of the
basin or area of flooding (Villanueva 2006). Diatom assemblages are typically first to respond to
local changes in the environment due to their sensitivities to water quality conditions and fast
reproductive rate.
Dependent upon the species, diatoms can undergo both asexual or sexual reproduction at
exponential rates within an aquatic system and form unique communities under specific
environmental conditions (Compton 2011). Diatoms are sensitive to environmental stressors (i.e.,
nitrogen and phosphorus concentrations, light limitation, grazer populations) and because of this
show great variation in taxonomy within aquatic systems (Smol and Stoemer 2010). Studies
such as the one conducted by Gaiser et al. (1998) find that physical and chemical relationships in
the water influence distribution of diatoms throughout the system and altering hydroperiods (as
expected from climate variation models) will influence this dynamic greatly. Diatom
assemblages that thrive within wetlands can be collected during flooding and drying events,
identified, tallied, and used to assess environmental conditions for future management decisions
(Riato et al. 2017).
Diatom-Based Biological Condition Gradient (BCG) is used to assess nutrient
concentrations along with diatom assemblages in rivers and streams to categorize ecologically
impaired diatom communities by impairment boundaries (Hausmann et al. 2016). “Nutrient
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change points” that lie between level transitions provide information on biological integrity of
the aquatic system (Hausmann et al. 2016). This approach in long-term ecological assessment
was derived from the Biological Condition Gradient (BCG), which encompasses broad ranges of
aquatic resource conditions, ranging from natural to severely degraded (Davies and Jackson
2006). Although criteria based on the Diatom-Based BCG was developed to assess ecological
conditions within rivers in New Jersey, it can be applicable to the mid-Atlantic region of the
United States. Diatom-based indices such as the Florida Wetland Condition Index (Reiss and
Brown 2005) are also used in wetland ecological assessment, providing long-term protocols
developed for the southeastern United States. Surveying diatom assemblages over time through
varying conditions can lead to information on the broader ecology and energy transfer dynamic
of an aquatic ecosystem. As a result of varying water levels, microalgal biodiversity and
abundance will likely change as nutrient concentrations and light availably rapidly fluctuate,
resulting in changes to primary production rates throughout the system (Coops et al. 2003, Wolin
and Stone 2010).

Objectives and predictions
1) Assess the effects of water level fluctuation treatments on benthic diatom species
abundance and diversity in experimental wetlands.
2) Assess the effects of abiotic variability (temperature, dissolved oxygen, conductivity, and
depth) on benthic level chlorophyll-a concentrations and diatom community diversity to
infer primary production rates in both temporary and permanent experimental wetlands.
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Within the permanently flooded wetlands, I predict that:
A prolonged period of flooding will harbor a consistent diatom community with little variability
in taxonomic richness over time. Dominant taxa observed in permanent wetlands will remain
dominant over the course of the study, with relative abundances of those dominant taxa shifting
over temporal scale according to resource availability and compounding environmental factors.
Benthic level chlorophyll-a concentrations will increase relative to seasonality at a steady,
uniform rate due to established primary producer communities that have systematically adjusted
to permanent wetland conditions.

Within the inundation treatment of the temporary wetlands, I predict that:
The short-term period of flooding will initially harbor a diverse diatom community composed of
quick turn-over taxa. Richness will fluctuate over the course of the inundation treatment, with
dominant taxa (observed in permanent wetlands) abundances increasing as the community
becomes established to the local environment. Microalgal primary production rates (relative to
benthic level chlorophyll-a concentrations) will initially be low, but will increase rapidly over
the short-term period relative to seasonality.

Within the recession treatment of the temporary wetlands, I predict that:
The lack of source water will immediately cause richness to decline due to the lack of influx in
resources and initial competition occurring within temporary wetlands. Dominant taxa
abundances will decrease, and more rare taxa abundances will increase due to an inverse in
resource availability and associated environmental conditions. Microalgal primary production
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rates will increase relative to seasonality, hydrological fluctuations, and more direct light
availability.

15
CHAPTER 2
EXPERIMENTAL DESIGN/METHODOLOGY
Field Site
This study was conducted at the former Bo Ginn National Fish Hatchery (USFWS),
adjacent to Magnolia Springs State Park in Millen, GA (Jenkins County) (Fig. 1). This
experimental wetland field site houses over 20 ponds with access to a pump house that sources
water from Magnolia Springs State Park. Three of the ponds have been continuously flooded
since February 2018. I utilized these permanent ponds as a control and subjected five dry ponds
to a flooding and drying treatment to simulate flooding and drying conditions that are also
natural to the Georgia Coastal Plain. Prior to treatment, I boarded the drains of the temporary
wetlands and applied tarps over the boards to assure some consistency in filling/drying. The
filling treatment of the temporary ponds began February 20th, 2020 and was halted April 17th,
2020 allowing 8 weeks of continuous flooding that corresponded with the permanent pond
flooding cycle. Pumps were turned on every Monday afternoon and turned off on Friday
morning, allowing the wetlands to recede over a ~3-day period. The recession treatment for the
temporary ponds began immediately after the inundation treatment was halted, while the
controlled, permanent ponds continued to be flooded as normal. Due to seasonality and varying
physical and chemical properties of the ponds (i.e., amount of precipitation received, geology,
vegetation present) some temporary ponds receded faster than others, while some remained
slightly inundated well after the last sampling period. With this variability, some aspects of
sample collection were on an individual basis depending upon total water availability and depth
in treatment wetlands.
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Fig. 1: Aerial view of Bo Ginn National Fish Hatchery adjacent to Magnolia Springs State Park
(Jenkins County, Millen, GA). Blue star is indicative of Jenkins County. Bo Ginn is outlined
within the yellow rectangle. Source water is pumped from Magnolia Springs and then cycled
back to the spring whenever maximum depths are reached.
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Field Sampling
Environmental variability, chlorophyll-a, and nutrient sampling
After the temporary wetlands were fully inundated, sample collection began and spanned
over an 8-week period. To assess water quality parameters, a YSI ProDSS multi-parameter probe
(Yellow Spring Instruments®, Yellow Springs, OH) was utilized in monitoring changes in
temperature, dissolved oxygen (mg/L), conductivity (mg/L), pH, and depth during both the
filling and recession treatments. Turbidity (NTU) was measured using a Fieldmaster® 60cm
turbidity tube (ScienceFirst®, Yulee, FL). These measurements were taken weekly at each pond.
Samples for chlorophyll-a concentration (μg/L) in temporary ponds were sampled biweekly to
observe rapid changes while permanent ponds were sampled monthly. For use on obtaining chl-a
concentrations, water samples from each pond were collected using 4-500mL plastic bottles in
two locations in each pond: one being approximately 3cm below the surface and the other being
at a depth just above the benthic substrate level. Surface level water was collected by submerging
the closed bottle, unscrewing the cap until 500mL was obtained, and then by immediately
capping the bottle. Substrate level water was obtained using a horizontal water sampler
(LaMotte®, Chestertown, MD) at depths variable to each pond due to unique topography and
filling capacity. All samples were immediately placed into a closed, black garbage bag over ice
in a cooler which allowed no light penetration. This immediate placement in a cool, dark
environment was imperative as to halt any ongoing photosynthetic processes that would have
skewed chl-a concentrations.
Water samples needed for nutrient analysis were obtained monthly (one sample from
each pond and eight ponds for a grand total of eight per sampling period) at a similar depth of
approximately 3cm below the surface using 60ml bottles filled ¾ of the bottle. Bottles were
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initially pre-rinsed with surface water before filling. Filling to this level was imperative due to
the water expanding while in the freezer for a prolonged period. These were then capped, stored
over ice in the cooler, and placed in the freezer immediately after returning from the field. These
remained frozen until shipment to a nutrient facility for analysis.

Benthic diatom collection
To sample benthic diatoms from ponds, I constructed a corer following procedures
outlined in Davis et al. (1998) using PVC piping, male/female adaptors, and a clear, plastic
cylinder that I secured and cemented to the bottom of the corer. From there, I measured and
marked 3cm on the cylinder as to remain consistent with sampling regarding core extraction
depth. Holes were drilled into the lower pipe at an opposite arrangement to allow flow through of
water during submersion. This also helped to keep the core intact as it was lifted from the water
column. Water flow through was essential as to minimize the number of diatoms in the water
column from settling in my benthic core sample. I collected ~3-5cm of core substrate at four
random locations within each pond and placed them in containers to be kept in the cooler until
returning to laboratory for processing. All cores were collected on a monthly basis (4 cores
within each pond and eight ponds for a grand total of 42 cores per sampling period), with
variability in sampling of my temporary ponds in the recession treatment due to the unique
drying times of each pond. The last sampling period for two of the temporary wetlands were 0424 and 05-08. The remaining three temporary had the same final sampling period as the
permanent wetlands on 05-21. Water depths were recorded for each core that was extracted.
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Laboratory Processing
Chlorophyll-a: 90% acetone method and spectrophotometry
Water samples collected remained over ice for no longer than 24 hours prior to lab
processing. For chlorophyll analysis, I utilized a common procedure (Johan et al. 2015) that I
adapted to my study system. For each 400ml sample, three varying quantities (from 50ml-100ml,
depending upon organic material present in the sample) was subjected to vacuum filtration
through a 47mm glass fiber filter to capture suspended phytoplankton from the water sample.
Filtrate was discarded. The filter was then placed into a clean test tube, prior to the addition of
7ml of 90% acetone for pigment extraction. The filter was saturated for no longer than eight
hours. After the waiting period, solutions were subjected to centrifugation for 10 minutes at
4000rpm to ensure sample homogenization. From here, 3ml of the solution was transferred using
a sterile transfer pipette into a 10mm 3.5 ml quartz cuvette for analysis using visible light
spectroscopy (HITACHI U-1900). Along with 3ml of sample solution, 3ml of 90% acetone was
pipetted into a separate cuvette to be used as a “blank” for calibration at each wavelength before
the sample extract was subjected to the wavelength (750, 664, 647, and 630nm). The turbidity
corrected value was calculated by subtracting the absorbance at 750nm from the absorbances of
the wavelengths listed above. The formulae listed below were used to calculate the chlorophyll-a
concentration within each sample:

(1)

Chl-a (μg/L) = (11.85xE664)-(1.54xE647)-(0.08xE630)

(2)

Concentration of Chl-a(mg/L)=[Chl-a x v] / VxL

20
Where:
v = Volume of 90% acetone, 7mL
V = Volume of water sample, L
L = Light path of cuvette, 10cm
Exxx = Value of absorbance at wavelength, 750, 664, 647, 630nm

Nutrient concentration analysis
Frozen water samples collected for nutrient analysis were shipped overnight to a nutrient
analytical facility (Woods Hole Oceanographic Institution, Woods Hole, MA). The analysis was
performed using a four-channel segmented slow AA3 HR Autoanalyzer and analyzed
concentrations of ammonium, silicates, total nitrates, and total phosphates.

Diatom cleaning: %HCl, 30% H2O2, 10% NH4Cl
Immediately after returning from the field, formalin was applied to benthic cores and
phytoplanktonic water samples at 20% volume of the sample (100ml for water samples and
~20ml to cover the surface of the benthic core). Harsh, carcinogenic acid treatment was avoided
for cleaning the frustules due to safety reasons. Diatoms present in water samples were then
allowed to settle to the bottom of the sample overnight while the diatoms present on core
surfaces were preserved without interfering with the top few centimeters. After the resting
period, the majority of the water samples were carefully poured into a waste container until a
manageable amount of water left (diatoms remained at the bottom due to heavy, siliceous
frustules). Samples were then shaken gently for homogenization of material and 10ml of each
sample was immediately pipetted into a labeled vial. To prepare benthic cores for cleaning, 1
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gram of substrate was taken from the top of the core and placed into a labeled vial. From there,
samples were subjected to HCl acid treatment to remove carbonates from sample (approximately
3ml depending on organic content) and were allowed to sit overnight, followed by a series of
decantations using ionized water. Next, samples were subjected to approximately 3ml of 30%
H2O2 to dissolve organic material and placed on the burner for boiling until a milky consistency
was reached. Another round of decantations occurred following the samples cooling. Ionized
water was then added into the vial with remaining material (frustules and some sand particles)
along with 3 drops of 10% NH4Cl to neutralize electrostatic charges and to reduce clumping of
diatomaceous material.

Diatom mounting
Cleaned diatoms were mounted onto slides using a traditional method derived from
Karthick et. al (2010) and Taylor et. al (2007). Before beginning this procedure, glass cover slips
and slides were subjected to cleaning using 90% ethanol. Before applying one drop of a cleaned
material to a cover slip, the sample was gently shaken to homogenize the cells to ensure a more
representative sample of the population. Cover slips were left overnight in a dust-free
environment where the water then evaporated, leaving only diatomaceous material.
One drop of Naphrax (Phycotech, Inc., St. Joseph, MI.) was then applied to the center of
a slide and a cover slip was inverted and pressed gently into the mountant. Using a mountant
with a relatively high reflective index (1.69) allows more clarity in viewing under microscopy,
resulting in more accurate identification of cells. Slides were then warmed gently (~90°C) until
bubbling occurred and all solvent had evaporated. It was imperative to remove the slide before
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burning that would result in a loss of clarity under microscopy. While slides were cooling, the
mountant sealed the cover slip and excess Naphrax was removed from the slide.

Microscopy and identification/enumeration of valves
Compound light microscopy (Olympus CX31) at 1000x with oil immersion was utilized
to identify individuals down to the lowest taxonomic level possible. Identifying to family level
was my main objective for achieving population counts, as confidently identifying further to
genus/species required scanning electron microscopy (SEM). For benthic core samples, 400
frustules per sample were counted for justifying and properly accessing community richness at
each sampling period. I proceeded to utilize SEM (JEOL JSM-6610LV) to obtain more detailed
imagery of common taxa found within the experimental wetlands. Samples for SEM were
prepared by placing a drop of cleaned material onto an aluminum stub to dry, where it was then
coated in gold palladium for proper conducting.

Statistical Analyses
Diatom community
All following analyses were performed in R (R Development Core Team 2017; Table 1)
and all figures were constructed using the ggplot2 package (Wickham, 2016). Cell counts were
calculated by averaging the four replicate cores per wetland per sampling period (n = 32). Initial
relative abundances were calculated using cell counts and then converted to percent relative
abundances to better visualize trends in data. I selected the three most common taxa and relative
abundances were visualized over time and treatment using boxplots. Taxa from the two
temporary wetlands sampled on 4/24/20 and 5/08/20 were not included in figures due to
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inconsistency in sampling among permanent ponds within the sampling period. Species richness
(S’) of taxa was estimated over time and by treatment and was visualized using boxplots. Diatom
community diversity was calculated using the Shannon-Weiner diversity index (H’) and Pielou’s
evenness (J’) averages were also calculated by both date and treatment.
Other community analyses were performed using the vegan (Oksanen et al. 2018), nlme
(Pinheiro et al. 2018) and lme4 (Bates et al. 2015) packages. Cell counts were square-root
transformed to deemphasize the effects of more dominant taxa and environmental variables were
log-transformed prior to analysis. A Bray Curtis dissimilarity matrix was constructed using
transformed data to quantify pairwise compositional dissimilarities between sites based on
species occurrence, with a dissimilarity of 0 indicating identical sites and a dissimilarity of 1
indicating sites sharing no species. Temporal and treatment effect differences were tested using
permutational analysis of variance (perMANOVA) utilizing the adonis2 function in vegan with
treatment and date being fixed effects and pond as a random effect, as well as the interaction
between both treatment and date. Non-metric multidimensional scaling (nMDS) was performed
on the Bray-Curtis dissimilarity matrix utilizing the metaMDS function (vegan package) to
ordinate diatom assemblage data. Abiotic components were fit as vectors on the nMDS plot by
the envfit function (vegan package) and represent abiotic components relative to community
composition. A distance-based redundancy analysis (db-RDA) was then performed using BrayCurtis dissimilarities using the capscale function (vegan package) to determine which abiotic
components had significant effect on diatom community composition over treatment type.
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Table 1: List of metrics used by category, definition, and respective response variables.
Category

Metric

Definition

Community

Species richness (S)

The number of species

structure

found within a sample
Shannon-Weiner diversity

Utilizes species richness

(H)

and relative abundance as
a measure of diversity

Pielou's evenness (J)

Measures diversity along
with species richness

Permutational analysis of

Non-parametric

variance (perMANOVA)

multivariate test; used to
test if centroids of
distance matrices differ

Non-multidimensional

Indirect gradient analysis;

scaling (nMDS)

produces an ordination
plot based on dissimilarity
matrix

Distance-based redundancy Tests whether explanatory
analysis (db-RDA)

variables have significant
impact on response data
using a dissimilarity
matrix (i.e., Bray-Curtis)

Response Variable
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Chl-a and

Two-tailed t-test

Tests whether the mean of

Benthic-level chl-a

microalgal

the sample is significantly

concentrations

primary

greater than/less than the

productivity

mean of the population
Linear mixed-effects

Extension of simple linear

Benthic-level chl-a

modeling

modeling; useful when

concentrations

repeated measurements
are made and allows for
both fixed and random
effects to be included
within the model
Nutrient
concentrations

Two-way ANOVA

Tests effects of two
independent variables on
one dependent variable

Total P/Total NN
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Chlorophyll-a and microalgal primary productivity
Benthic-level chlorophyll-a (mg/L) mean concentrations were first visualized using
boxplots between treatment type and date. Analyses began with comparing mean values between
permanent and temporary treatment types using a two-tailed t-test. A repeated measures
ANOVA analysis was performed using the lmer function from the lmerTest package
(Kuznetsova 2020) to distinguish among several models in attempt to predict benthic level
chlorophyll-a concentration (mg/L) and its potential relationship with wetland treatment type,
seasonality, dissolved oxygen (mg/L), water column depth (m), specific conductivity (µs/cm)
and possible interactions between treatment type and seasonality and treatment type and depth.
These environmental variables were considered fixed effects and wetland number was added to
all models as a random effect.
Normality was assessed by Shapiro-Wilk’s test using the shapiro.test function and
homogeneity of variances with the leveneTest function. Environmental variables were logtransformed to correct for linearity before being added to models. Correlation between
environmental variables was assessed using Pearson’s coefficients with associated p-values
using the rcorr function from the Hmisc package (Harrell 2019). R values greater than 0.9 were
removed and not used in model building due to issues in collinearity. AICc (AIC corrected for
small sample size) values and were evaluated using the AICcmodavg package (Mazerolle 2019)
for interpreting the most explanatory model. The model with the smallest AICc score (having the
largest total explanation) was chosen as the most explanatory model in predicting benthic level
chl-a concentrations.
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Nutrient concentrations
Nutrient concentrations (total nitrate/nitrite, total phosphorus, silica, and ammonium
(µmol/L)) across all four sampling periods were first visualized according to treatment and date
using boxplots. Of particular interest was the extreme spike in both total nitrate/nitrite and total
phosphorus following the recession treatment within the temporary wetlands and the continued
flooding of the permanent wetlands. Assumptions of normality and homogeneity of variances
were tested using Shapiro-Wilk’s test and the Levene test, respectively. To correct for skewness
and normality, total nitrate/nitrite data was log-transformed and total phosphorus was square-root
transformed prior to analysis. The two sampling periods of interest (04/17 and 05/08) for both
total nitrate/nitrite and total phosphorus were analyzed by an analysis of variance (two-way
ANOVA) on means of each nutrient by treatment type and date and by interaction of both
grouping variables.
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CHAPTER 3
RESULTS
Diatom Community
Total species richness according to seasonality (Table 2, Fig. 2) shows a relatively stable
trend in permanent wetlands. Temporary wetlands exhibit a decreasing trend in taxonomic
richness across all sampling periods, with the most diverse distribution recorded on the initial
sampling date (2/21). A total of 16 taxa were identified to the lowest taxonomic level over the
course of the study (1 genus, 15 families). Most taxa were present in both temporary and
permanent wetlands, including the four most dominant families: Fragilariaceae, Achnanthaceae,
Bacillariaceae, and Cymbellaceae. These taxa were observed on all sampling dates in both
treatment types. Means of relative abundances in temporary wetlands were calculated by
sampling period, with Fragilariaceae (Fig. 3) dominating within a range of 72%-96%, with an
increasing trend across all sampling periods. Also in permanent wetlands, Fragilariaceae
dominated all sampling periods within a range of 56%-75%, with a slight trend over all sampling
periods, but with peaks present. Achnanthaceae (Fig. 4) dominated within a range of 0.25%16.88% within temporary and within a range of 0.31%-36.69% within permanent wetlands.
Bacillariaceae (Fig. 5) dominated within a range of 0.06%-6.06% within temporary ponds and
within a range of 0.06%-9.5% within permanent wetlands.
In temporary wetlands, 12 out of 16 taxa collected were considered rare (< 0.03 relative
abundance), having at least one occurrence on any sampling period. The fourth dominant species
in temporary wetlands is Cymbellaceae, although occurring closer to relative abundances
observed in rare taxa. In permanent wetlands, 11 out of 13 taxa collected were considered rare,
also having at least one occurrence on any sampling period. Permutational multivariate analysis
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of variance (PERMANOVA) revealed significant differences by wetland treatment type alone
(pseudo-F1,32 = 7.98, p = 0.001; Table 3) between communities within temporary and permanent
wetlands and also revealed significant differences by sampling date alone (pseudo-F1,32 = 3.43, p
= 0.048; Table 3). The interaction between treatment type and sampling date revealed no
significant differences (pseudo-F1,32 = 0.56, p = 0.398; Table 3). Results from the db-RDA
calculated that from among temperature, dissolved oxygen, depth, and turbidity, dissolved
oxygen revealed highly significant interaction (pseudo-F1,30 = 7.906, p = 0.003) among
community dissimilarities. All other explanatory variables had pseudo-F values that were lower
than 0.88. Non-metric multidimensional scaling (NMDS) plot with fitted vectors (Fig. 6)
displayed that temperature fluctuation, although not significant within the db-RDA analysis, had
the greatest effect on community composition within temporary wetlands, while dissolved
oxygen had the greatest effect on communities within permanent wetlands.

Chlorophyll-a and Microalgal Primary Productivity
Mean values between the two treatment types did not differ significantly over sampling
periods (t24 = 1.1394, p = 0.265; Fig. 7). Temporary wetlands show very little variation in the
magnitude of concentration in a short-term period compared to permanent wetlands that show a
higher variation of values. After 7 days following the start of the drying period (04/24),
temporary wetlands showed an initial decrease in chl-a concentrations (Fig. 7). After 21 days
(05/15), concentrations showed a slight increase, but did not increase to values that were
reflected on the last sampling date of the inundation period (04/03) (Fig. 7). With temperature
and day being highly correlated with chl-a concentrations (bolded r value, 0.982), temperature
was excluded in mixed linear modeling (Table 4). Model selection of mixed effects linear
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models determined that both seasonality and treatment components, depth (m), and specific
conductivity (μs/cm) best explained changes in benthic level chlorophyll-a concentration (Table
5). The chosen model (AICc = 43.39) accounted for 52% of the cumulative model weight (Table
6).

Nutrient Concentrations
Both total phosphorus and total nitrate/nitrite concentrations experienced spikes after the
drying treatment began (Fig. 8). A two-way Analysis of Variance (ANOVA) of total
nitrate/nitrite concentrations by treatment and date calculated significant differences among
means within treatment groups (F1,12 = 5.362, p = 0.039), nonsignificant differences among
means by date alone (F1,12 = 3.893, p = 0.072), and nonsignificant differences in the interaction
between treatment and date (F1,12 = 2.664, p = 0.129). A two-way ANOVA of total phosphorus
concentrations by treatment and date calculated nonsignificant differences among means within
treatment groups (F1,12 = 0.731, p = 0.409), highly significant differences among means by date
alone (F1,12 = 56.727, p = <0.001), and nonsignificant differences in the interaction between
treatment and date (F1,12 = 1.113, p = 0.312). During the first sampling period (02/21), mean
ammonium concentrations (Fig. 9) were substantially higher in permanent wetlands. Mean
temporary wetland concentrations remained relatively stable, even during the last sampling
period (05/08) where temporary wetlands were subject to drying treatment. Mean silicate
concentrations (Fig. 9) remained consistent (with permanent remaining higher) on all sampling
dates between temporary and permanent wetlands, with little variation of means during the
drying period.
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Table 2: Calculated averages (± SD) of diatom community taxa calculated by Shannon’s
Diversity Index (H’), Pielou’s evenness (J’), and total richness (S’) by date and treatment (P:
permanent, T: temporary).

Date

Treatment

Shannons H’

Peilou’s J’

Richness S’

P

1.36 (±) 0.40

0.56 (±) 0.13

11.33 (±) 2.52

T

0.74 (±) 0.11

0.30 (±) 0.04

11.20 (±) 3.21

P

0.86 (±) 0.58

0.36 (±) 0.22

10.67 (±) 1.53

T

0.59 (±) 0.12

0.24 (±) 0.04

10.20 (±) 2.77

P

1.03 (±) 0.48

0.42 (±) 0.19

12.00 (±) 0.00

T

0.43 (±) 0.10

0.18 (±) 0.04

9.40 (±) 2.41

P

0.93 (±) 0.83

0.38 (±) 0.33

10.67 (±) 1.53

T

0.18 (±) 0.11

0.08 (±) 0.04

9.00 (±) 3.16

02/21/20

03/20/20

04/17/20

05/21/20
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Table 3: PERMANOVA results showing fixed effects of treatment and date with the interaction
of treatment and date among community dissimilarities. A Bray Curtis dissimilarity matrix was
utilized. Significant results are denoted with “*”.
Fixed Effects

Df

SumSq

R2

Pseudo-f

p-value

Treatment

1

0.32421

0.1945

7.9817

0.001**

Date

1

0.10110

0.0607

2.4889

0.048*

Treatment*Date

1

0.02267

0.0136

0.5581

0.400

Residual

32

0.1011

0.0607

Total

35

1.5655

0.9393
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Table 4: Pearson correlation matrix of predictor variables and associated r values (top triangle)
and associated p-values (bottom triangle). With temperature and day being highly correlated with
chl-a concentrations (bolded r value, 0.982), temperature was excluded in mixed linear modeling
analysis.

Chl-a
(mg/L)

Temperature

Dissolved

Specific

oxygen

cond.

Depth

(mg/L)

(us/cm)

(m)

Day
-

Chl-a (mg/L)

--

-0.359

-0.303

-0.131

0.307

0.369

Temperature

0.038

--

-0.105

0.573

-0.575

0.982

Dissolved
oxygen (mg/L)

0.452

0.667

--

0.352

-0.294

0.144

0.406

0.071

0.557

--

-0.511

0.542

Specific cond.
(μs/cm)

Depth (m)

0.204

0.024

0.596

0.008

--

0.559

Day

0.035

<0.001

0.026

0.082

0.029

--
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Table 5: Summary statistics for mixed linear model with the lowest AICc for predicting benthiclevel chl-a concentrations. Significant values (p<0.05) are denoted with a “*”.
Effect Value

Std. Error

Df

t-value

P

(Intercept)

1.23

1.91

18.83

0.68

0.51

Treatment

-0.45

0.17

6.49

-2.59

0.04*

Day

-1.85

0.72

18.73

-2.55

0.02*

Depth (m)

0.06

0.17

19.33

0.34

0.73

SPC (μs/cm)

0.57

0.68

20.05

0.84

0.41
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Table 6: Results of a linear mixed model regression in assessing benthic-level chl-a
concentrations. I used Akaike Information Criterion corrected for small sampling sizes (AICc)
for model selection. K is the number of parameters and ΔAICc is the difference between the
model and the top model listed. Permanent/temporary treatment, sampling date (“day”),
dissolved oxygen (“DO”), specific conductivity (“SPC”), and depth were the variables used to
create the model.
Model

K AICc ΔAICc AICc Weight

Treatment + day + depth + SPC

7

43.39

0

0.52

Treatment + day + depth + DO

7

44.00

0.61

0.39

Treatment + day + DO + SPC + depth

8

47.42

4.03

0.07

Day * depth + DO + SPC

8

50.56

7.17

0.01

Treatment * depth + day + DO + SPC

9

51.79

8.4

0.01
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Fig. 2: Boxplot of total species richness of families represented in the benthic diatom community
over four sampling periods. The two treatment types (P: permanent, T: temporary) are
represented by light blue and grey, respectively. Bars represent minimum and maximum values
observed on each sampling period.
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Fig. 3: Percent (%) relative abundance of Fragilariaceae over all sampling periods by treatment
and most commonly found genera (P: permanent, T: temporary). Bars represent minimum and
maximum values observed on each sampling period. Genus identified above: Staurosira.
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Fig. 4: Percent (%) relative abundance of Achnanthaceae over all sampling periods by treatment
and most commonly found genera (P: permanent, T: temporary). Bars represent minimum and
maximum values observed on each sampling period. Genus identified above: Achnanthidium.
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Fig. 5: Percent (%) relative abundance of Bacillariaceae over all sampling periods by treatment
and most commonly found genera (P: permanent, T: temporary). Bars represent minimum and
maximum values observed on each sampling period. Genus identified above: Nitzschia.
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Stress = 0.151

Fig. 6: NMDS ordination plot of wetland diatom community by treatment (n = 32) (P:
permanent, T: temporary). Ordination is based on Bray-Curtis dissimilarity index. Vectors
represent abiotic components relative to community composition. Dissolved oxygen (DO, mg/L),
specific conductivity (SPC, µs/cm), temperature, turbidity (cm), depth (m).
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Fig. 7: Benthic-level chl-a concentrations by treatment type (P: permanent, T: temporary) over
all sampling periods. Drying period began 04/17 (represented by dotted line). Bars represent
minimum and maximum values observed on each sampling period.
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Fig. 8: Total Phosphate con. (μmol/L) (top) and total Nitrate/Nitrite con. (μmol/L) (bottom) by
treatment type (P: permanent, T: temporary) over a four-month sampling period. Dotted line
represents separation in treatment from inundation period to drying period.
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Fig. 9: Ammonium con. (μmol/L) (top) and Silicate con. (μmol/L) (bottom) by treatment type (P:
permanent, T: temporary) over a four-month sampling period. Dotted line represents separation
in treatment from inundation period to drying period.
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CHAPTER 4
DISCUSSION
Microalgal Community Response to Disturbance
I predicted that community composition within temporary and permanent wetlands would
differ, with richness decreasing in temporary ponds due to seasonality and altering flood
conditions. Drying conditions in temporary wetlands led to a decrease in mean species richness
and diversity. Standard deviations in temporary richness remained higher than permanent,
indicating community variability and competition among many families that were introduced to
this new environment. In a sub-tropical wetland study (Mackay et al. 2012), explanatory
variables that were most correlated with diatom species diversity in floodplains included
response to hydrological components (class, flood frequency, and flood velocity), along with
silicate and total nitrate/nitrite concentration. Similarly, both silicate and total nitrate/nitrite
concentrations within permanent wetlands in my study remained higher than temporary
concentrations over all sampling periods, potentially in effect to flood frequency and
hydrological treatment.
Species within Fragilariaceae were identified in all sampling periods in both temporary
and permanent wetlands and accounted for more microalgal biomass of any family identified.
Many species found within the Fragilariaceae are tychoplanktonic (found within the water
column and benthic substrate) and are commonly found in shallow-systems, so it was probable
that they would occur at higher abundances within my experimental wetlands study.
Achnanthidium (a genus found within the Achnanthaceae) is known to be a pioneer genus in
freshwater environments (Moseley and Manoylov, 2012). I found a slight decrease in relative
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abundance of Achananthaceae over time within temporary wetlands, with relatively stable trends
in abundance in permanent wetlands.
I found that community assemblage in permanent wetlands can be best explained by
dissolved oxygen concentration. Photosynthetic production is considered one of the primary
mechanisms of the amount of dissolved oxygen availability in the water column. Temperature
fluctuation, although not significant in analysis, had the greatest effect on community
composition within temporary wetlands. As increases in temperature (with a decreasing depth
association) are projected in current climate warming models, it is expected that community
assemblages will alter tremendously. In a laboratory study on diatom temperature tolerance
(Souffreau et al. 2010) the gradual heating of live cells (indicative of periods of dryness in
aquatic environments) revealed a decrease in viable cell percentage between 30-40° with even
more variability in minimum and maximum survival rates across multiple families and genera.
From past data retrieved at Bo Ginn National Fish Hatchery in June 2018 and 2019, the
maximum temperatures in permanent wetlands recorded were 32.2° and 35.2°, respectively. As
annual regional temperatures are increasing at a faster rate than previously recorded, it is
expected that this alteration could decrease diatom biodiversity exponentially.

Microalgal Primary Production and Variability
Chlorophyll-a concentrations were taken directly above the wetland substrate, so
considering influence from not only diatoms, but also from phytoplankton and cyanobacteria is
important for understanding temporary and permanent wetland primary productivity. An
experimental wetland study conducted in Illinois on newly constructed freshwater marshes
(Cronk and Mitsch 1994) found that within the first year of study, no clear relationship could be
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established between hydrologic inflow and total primary productivity although the second year
of study suggested that high-flow wetlands resulted in higher primary productivity as compared
to the low-flow wetlands. The high-flow wetlands received higher nutrient loadings, which is
thought to have considerable effect on aquatic vegetative communities. Permanent wetlands in
my study have had considerably more influx compared to the temporary ponds that had been dry
for over 30 years. Permanent wetlands harbor submerged aquatic vegetation and established
microalgal communities, while temporary wetlands harbored grasses and non-aquatic vegetation
prior to flooding.
With little variation in magnitude in chlorophyll-a concentrations in temporary ponds
over the course of all sampling periods, I can suggest that there was little microalgal biomass
found near the wetland substrate compared to calculated biomass in permanent wetlands. In a
study conducted by Burkholder and Cuker (1991), benthic microalgae represented a major
proportion or primary production under the conditions of high sediment loading and high
phosphate concentrations in shallow reservoirs. Total phosphate concentrations were
substantially higher in both treatment types after the flooding treatment, with concentrations
higher in permanent wetlands that were not subject to drying. Nutrient concentrations in algae
can integrate variation in water column N and P bioavailability over a time scale of weeks,
potentially providing an indication of the recent nutrient status of a wetland. A decrease in
primary production from the microfloral community during drought suggest that there could be
significant loss of energy transfer to higher trophic levels within the food web under these
conditions.
Assessing microalgal community structure over short-term disturbance events can help
provide information on local environmental conditions. Understanding trends in microalgal
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biomass during drought events can lead to inference on microalgal primary production rates. As
energy transfer is altered during hydrological disturbances, consequences can be noted on a
broader, ecological scale, potentially affecting essential ecosystem processes. I predicted that
primary production rates in temporary wetlands would continue increasing throughout the drying
period due to more light availability (with decreasing depth), although primary production
decreased in my study. Depth was an environmental factor that was included in the most
parsimonious mixed linear model for predicting benthic-level chl-a concentrations but had no
significant affect in determining diatom community composition within analysis. Turbidity
levels remained relatively consistent within both temporary and permanent wetlands, suggesting
that light penetration (depth association) may not have influenced community composition.
There is a lack of ecological research developed within experimental wetland settings,
primarily within the southeastern United States. Future research should include studying shortterm disturbances and the ecological implications on shorter time scales. Local environment and
seasonality are important factors for diatom community assembly and documenting these
assemblage changes could lead to knowledge on local indicator species. Future directions for this
study would include identifying the community further, preferably to species level so that more
detailed assessments can be made on water quality and condition. Family level is helpful in
evaluating ecological trends over time, but with diatoms displaying such species-specific
preferences to habitat, precise conclusions cannot be made on indicator species without more
detailed knowledge of the taxonomy. Taking monthly samples from one season in one year (in
comparison to monthly sampling over the course of two years) does not allow strong conclusions
to be made in regard to primary productivity trends within temporary wetlands, but conclusions
can be drawn about the effects of hydrological variability. With little published research on
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southeastern United States diatom taxonomy, my study provides baseline data on community
trends that can be implemented further as this area is research continues to expand.
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